ABSTRACT Force development in smooth muscle, as in skeletal muscle, is believed to reflect recruitment of force-generating myosin cross-bridges. However, little is known about the events underlying cross-bridge recruitment as the muscle cell approaches peak isometric force and then enters a period of tension maintenance.
INTRODUCTION
Force development in smooth muscle is believed to reflect the recruitment of forcegenerating myosin cross-bridges that cyclically interact with neighboring actin ffla-ments (for review, see Murphy, 1980; Fay et al., 1981; Hellstrand and Paul, 1982) . In skeletal muscle, cycling cross-bridges are envisioned as going through a series of at least one detached and two attached cross-bridge states (Huxley and Simmons, 1971 ; Ford et al., 1986) . Thus, at peak isometric force, a steady state distribution of crossbridge states exists that is determined by the rate constants for the transitions between states. Understanding of similar processes in smooth muscle would be greatly enhanced by information about the relative number of attached cross-bridges and rate constants for transitions between states throughout the development and maintenance of force.
In skeletal muscle, the relative numbers of attached cross-bridges can be estimated by measuring active fiber stiffness since the elasticity appears to reside entirely within the cross-bridge (Huxley and Simmons, 1971) . A similar approach can be applied to single smooth muscle cells. Since these cells exhibit considerably less stiffness than skeletal muscle (Warshaw and Fay, 1983b) , the possibility must be investigated that structures other than cross-bridges contribute to fiber stiffness. We therefore designed an experimental protocol to determine the origin of the cell's elasticity. The results suggest that this elasticity resides in both cross-bridges and structures external to the force-generators.
Information about cross-bridge kinetics can be obtained from the tension response that results from a small, rapid change in the length of a single skeletal muscle fiber (Ford et al., 1977; Kawai and Brandt, 1980) . We studied the tension responses to changes in muscle length throughout the development and maintenance of force in single smooth muscle cells. At early times after activation, we observed a greater stiffness-to-force ratio than at the peak of contraction, which suggests that the mean force per attached cross-bridge is changing during force development. In addition, tension transients reveal a slowing of tension recovery throughout the periods of force development and maintenance, which may reflect modulation of transition rates between cross-bridge states. Preliminary accounts of these results have been presented (Warshaw et al., 1980; Warshaw and Fay, 1984) .
METHODS

Experimental Protocols and Data Analysis
Detailed descriptions of the procedures for isolating single smooth muscle cells (Fay et al., 1982) and their preparation for mechanical studies (Warshaw and Fay, 1983b; Warshaw, 1987) have been presented previously.
Origin ofceU elasticity: rationale. In order to probe the events underlying force generation in a single smooth muscle cell, we have investigated the mechanical response to small rapid changes in cell length (Lc~). The initial phase of this force response appears to be elastic in that the change in force is coincident with the applied length change (see Fig. 1 ). A protocol was designed to determine the origin of this elastic response, by measuring single smooth muscle cell stiffness during force development following activation and, in the same cell, immediately following quick (2.5-ms) releases of between 0.5 and 2.0% L~ applied during the period of peak force maintenance (see Fig. 2 ). Thus, cells were electrically stimulated to contract (Warshaw and Fay, 1983b) and 0.5% sinusoidal length oscillations (250 Hz) were applied to the cell throughout the period of force development and maintenance, providing a continuous measure of stiffness with a 4.0-ms time resolution (see Stiffness Determinations below).
The rationale for this protocol is that if the elastic response originates entirely in the forcegenerators, then as force develops after activation because of recruitment of active crossbridges, stiffness should increase proportionately with force (see Fig. 2 B; Warshaw and Fay, 1983b) . By contrast, at peak isometric force, stiffness immediately following a quick release should not change, assuming that the release is rapid relative to the detachment or attachment rates of the cross-bridges and that the force-generators in smooth muscle have a linear lengthforce characteristic, as in skeletal muscle (see Fig. 2 B) . At the other extreme, the elastic response could originate entirely outside the population of force-generators, that is, in a series elastic component. If this is the case, the relationship between stiffness and force (see Fig. 2 B) should be fixed by the properties of the series elastic component and should be unaffected by how force is modulated (i.e., recruitment of force-generators during activation vs. distortion of imposing a 2.0% release in cell length at peak isometric force and by plotting the resultant tension response against cell length during the length change (filled symbols). The data have been corrected for tension recovery that occurred during the length change (Warshaw and Fay, 1983a) and an exponential curve fitted to the data (Cell). The cell L:F reflects the elastic properties of cross-bridges (XB) in series with an elastic component having an exponential L:F (SEC) (see text). The data are from four experiments.
the attached cross-bridge population by a quick release). Should the observed elastic response of these single cells be intermediate between the behavior predicted for a pure series elastic component or for elasticity originating solely in cross-bridges, the observed pattern of response can be utilized to extract information about the elastic characteristics of the forcegenerators themselves.
As developed in detail in Appendix I, the stiffness of the cross-bridge population relative to the maximum active cell stiffness can be estimated by:
where S= is cell stiffness at a given force level (Fro) during development of active force, and S~ is cell stiffness immediately following a quick release, which drops force to Fm from the peak of 
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F/Fmax FIGURE 2. Determination of the origin of the elasticity within single smooth muscle cells. (A) Experimental protocol. Fiber stiffness (E) was determined by small (AL = 0.5% L,,a) sinusoidal (250-Hz) length perturbations that were continuously imposed during the development of force following activation and immediately following a quick release (0.5-2.0% L~). (B) Interpretation of results. Case 1: elasticity resides entirely within cross-bridges (XB). Recruitment of cross-bridges in parallel upon activation would result in normalized stiffness (E/E~,) proportional to force (F/F~) (solid line). If at peak isometric force (F=~) as seen in A, a rapid release in length was imposed, force would drop suddenly. If bridges do not detach during the step, then stiffness at the completion of releases of varying magnitude (Eczs) will be independent of the force reached at the end of the step (dashed line, XB). Case 2: elasticity resides entirely within an exponential series elastic component (SEC). For this case, stiffness will always be proportional to force. Therefore, the proportional relationship between stiffness and force will be identical for both force development upon activation (solid line) and immediately following a quick release (dashed line, SEC). Case 3: elasticity resides within cross-bridge and series elastic component (XB + SEC). Both the recruitment of cross-bridges and the exponential nature of the series elastic component's length:force relationship dictate that stiffness and force be directly related during the development of force (see cases 1 and 2 above; solid line). However, at peak isometric force following a release, the slope of the stiffness:force relationship must lie somewhere between the extremes determined for cases 1 and 2 (dashed line, XB + SEC).
isometric force production. Note that stiffness and force are expressed relative to their value at peak force development (see Fig. 4 ). While this approach may determine the cross-bridge contribution to the cell's elastic properties, it does not allow insights into the properties of the series elastic component. Such insight can be obtained, however, by subtracting the length change absorbed by cross-bridge elasticity from the length:force relationship observed for the whole cell (see Fig. 1 ).
Stiffness determinations.
Before the analysis of cell stiffness, the recorded force output was digitally filtered (Warshaw and Fay, 1983b) to remove oscillations superimposed upon the force trace owing to the force-transducer--damped resonance. Stiffness was then defined as the amplitude of the sinusoidal force change divided by the amplitude of the imposed sinusoidal length change (see Fig. 5 , A and B). Thus, cell stiffness was determined on a cycle-by-cycle basis.
Since stiffness measurements were obtained during force development after activation, when isometric force is changing most rapidly, a Fourier series analysis (Beauchamp, 1973; Kawai and Brandt, 1980 ) was used to estimate and extract the amplitude of the sinusoidal force change (see Appendix II) from the increasing steady state force upon which it was superimposed (see Fig. 5 ).
Stiffness was determined first while the cell was relaxed and then after activation. By subtracting relaxed stiffness from stiffness during isometric contraction, a value for active cell stiffness was calculated. Once stiffness values (S) were determined, these values were normalized to cell cross-sectional area (CSA) and length (Led0 to provide an estimate of Young's modulus (i.e., E = S x CSA/Lc~).
The contribution of cellular viscosity to cell stiffness was assessed by determining the phase angle between the applied sinusoidal length change and the observed change in force (see Appendix II). The phase angles of both the length and force sinusoids were calculated from the Fourier analysis. If the stiffness reflects purely elastic structures uninfluenced by cellular viscosity, the stiffness phase angle should be zero.
Cross-bridge kinetics and population distributions. Previous studies of tension transients in response to small step changes in length from single skeletal muscle fibers (Ford et al., 1977) and single smooth muscle cells (Warshaw and Fay, 1983a, b) suggest that the time course of tension recovery can be related to transitions between cross-bridge states (Huxley and Simmons, 1971; Ford et al., 1977; Eisenberg et al., 1980) . To determine whether changes in cross-bridge kinetics occur between the period of force development following activation and the period of force maintenance, tension transients in response to 0.5% stretches and releases in cell length that were complete in 2.5 ms were studied at three time periods (see Fig. 7 ): (a) during force development, (b) at the moment peak isometric force was attained, and (c) after 15 s of maintained peak isometric force.
The time course of tension transients was analyzed to determine the number and characteristic rate of kinetically distinguishable processes by using a nonlinear least-squares regression analysis (Jennrich, 1981) . Typically, the nonlinear least-squares fit used 750 points sampled at 2.5 kHz, starting at the moment force reached either a minimum or a maximum in response to a release or stretch in cell length (see Fig. 7 ). Although tension transients obtained during force development following activation were superimposed upon a changing force baseline, the rapid time course of the transients (i.e., tension recovery was >90% complete in <120 ms) meant that tension at any point during the transient was at most in error by 2.0% (i.e., 0.12 s for transient vs. 7.0 s to reach peak isometric force). Therefore, no force baseline corrections were made.
The time course of tension recovery in a given experiment was described best either by one or the sum of two exponential processes whose rate constants differ by an order of magnitude (Warshaw and Fay, 1983a) . The best fit was chosen on the basis of a high coefficient of determination (R~). The R ~ is an estimate of the variation within the tension data that can be THE JOURNAL OF GENERAL PHYSIOLOGY 9 VOLUME 91 9 1988 explained by the predicted exponential fit. Thus, an exponential fit was considered reasonable only if R 2 was >0.90, with 1.00 being the maximum.
Controls for Data Analysis
The data for active cell stiffness and active force will be presented as a modulus of the elasticityto-force ratio (E/F) (see Fig. 6 ). Our initial studies of E/F during force development following activation (Warshaw et al., 1980) suggested that this property is not constant during force development but is greatest at the onset of force production. Since ElF required division by force, we were concerned that the enhanced ElF at low force levels resulted from an error in resolving active force at the onset of force development. Although the force-transducer was capable of resolving 0.2% of maximum force, we avoided any such errors by calculating E/F only at times when active force was at least 5.0% of its maximum.
To be certain that the methods for collecting and analyzing data were not the cause for an apparent enhancement of ElF, a simple electronic circuit was designed to mimic smooth muscle cell force and stiffness development, with the ratio of stiffness to force being constant. The circuit multiplied a sine wave of fixed amplitude by a ramp function so that the amplitude of the sine wave was constantly changing in proportion to the level of the ramp. The varyingamplitude sine wave was then added to the ramp to produce a mock cellular response where model force developed linearly with a superimposed sinusoidal force oscillation whose amplitude was exactly proportional to the force level. In addition, Poisson-distributed noise was superimposed upon the model force response to more accurately mimic real data. The model's composite signal (i.e., model force response) and that of the original fixed-amplitude sine wave (i.e., model length change) were digitized and analyzed in the same way as the cellular data. Analysis of the electronic model's output revealed that the stiffness-to-force ratio was constant over the entire range of model force as expected from the known inputs. These results suggest that data handling and analysis did not introduce an error resulting in the observed enhancement of ElF at the onset of force development in the smooth muscle cell.
Solutions
All experiments were performed at room temperature (20~ using amphibian physiological saline (Warshaw and Fay, 1983b) . The solution was continuously bubbled with 95% O~/5% CO2 to pH 7.4.
Statistics
All data are presented as means _+ standard error. In the analysis of the effect of time within the contraction upon the time course of tension recovery during the transients, recoveries were described by a single exponential process and compared using a repeated-measures analysis of variance . A trend within an experiment was considered significant at p < 0.05.
RESULTS
Characterization of Cell Elasticity
At peak isometric force, a rapid 2.0% decrease in cell length results in a sudden decrease in force that coincides with the length step (Fig. 1 ). While the relationship between length and force appears to be linear for releases up to 0.8% Lce~, beyond this point the relationship clearly deviates from linearity. This deviation is due in part to superimposition of tension recovery processes on the elastic response (Warshaw and Fay, 1983a) . The observed length:force relationship (L:F) was corrected for superimposed tension recovery (dashed curve in Fig. 1 ) having rate constants and extents of tension recovery that were assumed to be identical to those observed following completion of the length step (see Warshaw and Fay, 1983a) . The corrected L:F is described by the mathematical function F/F,~ = 1.11 [exp (123dL/LcelO] -0.11; R l = 0.99. By taking the initial slope of the L:F, normalized cell stiffness is estimated as 92 Fm~ILceu. Since the cell L:F must reflect the elastic properties of structures associated with force generation (i.e., either cross-bridges or structures connected to the cross-bridges), experiments were carried out to assess the relative contribution of these structures to the observed elastic response. 
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Fmul~ 3. Stiffness data (E) throughout the development of force following activation (data from Warshaw and Fay, 1983b) and during force redevelopment following a release and stretch in cell length are plotted against force. Different symbols are data from four cells.
Origin of Cell Elasticity
The contribution of both cross-bridges and series elastic structures to the cell's elasticity was assessed by analyzing differences in the relationship between cell stiffness and force at two distinct times in an isometric contraction: during force development following activation, when the numbers of cross-bridges are presumably changing, and at the peak of isometric force immediately following a quick release, when the number of cross-bridges is assumed to be constant (see Fig. 2 , Methods, and Appendix I for rationale). The relationship between stiffness and force during force generation and after a step length change at peak force is shown in Fig. 3 . The modulus of elasticity is proportional to force both during force development and after a step length change at the peak of force production. However, the difference in slopes for the two conditions suggests that at any force level, cell stiffness is greater immediately after a step length change from the plateau of force production than at a similar force obtained during force generation after activation. The observed relationship between stiffness and force is inconsistent with the elastic response originating either entirely within a series elastic component or entirely within the cross-bridges (Fig. 3) . Rather, the data appear to indicate that the elasticity originates in cross-bridges that are in series with an exponential series elastic component (Fig. 2 B) . (see Fig. 4 ). The slope of this relationship suggests that the cross-bridge stiffness is between 1.2 and 1.5 times greater than the measured cell stiffness. Thus, cell stiffness underestimates cross-bridge stiffness by as much as 33%. Although alternative models for the location of the cell's elasticity were considered (e.g., parallel elastic compo- 
Modulus of Elasticity during Force Development
The production of force upon activation and the corresponding stiffness change throughout development and maintenance of force in a typical single smooth muscle cell are shown in increase as force increases following activation (i.e., increased amplitude of force envelope owing to the constant length oscillation at 250 Hz). Both peak isometric force (Fr~ = 192 -32 pg; n = 7) and the modulus of elasticity (E^cr = 1.83 +_ 0.68 x 104 mN/mm~; n = 7) reach their maxima between 4 and 7 s after stimulation (see Table I ). To determine whether the changes in stiffness observed during force development reflect changes only in the elasticity of structures involved in force development, an estimate of the phase angle between the length change and the resultant force response was obtained (see Fig. 5 C) (Meiss, 1978) . The phase angle was 10 + 13 degrees for 26 cycles at rest and 3 + 7 degrees for 27'cycles at the peak of force production. Since the phase angle during both the resting and active states was not different from zero degrees, we concluded that cell stiffness must have originated in purely elastic structures and that any increase in cell stiffness with force production is the result of a true increase in cell stiffness and not of changes in the cell's viscous properties upon activation. Although active stiffness and force appear to rise together, a more sensitive index of their relationship can be obtained by calculating the ratio of the modulus of elasticity to force (E/F) (see Fig. 6 ). Note that E/F is greater at the onset of force development (i.e., at 0.05 Fm~,) and decreases monotonically to a constant value at peak force, which is maintained even after 15 s of contraction. 
Tension Transients vs. Contraction Time
To further characterize the processes responsible for an increased ElF at the onset of force development, tension transients were analyzed (a) throughout the period of force development, (b) at peak isometric force, and (c) after 15 s of maintained peak isometric force (see Fig. 7 ). Tension transient analysis revealed that, at all three times, 67% of the tension recoveries were fitted best by a single exponential, whereas the remaining 33% were described by two exponential processes (see Fig. 7 ). There was no apparent relationship between the ability to fit a single or double exponential and the time during which the transients were obtained. In order to compare the overall rate of tension recovery between several cells, the recovery process was fitted by a single exponential for all cells. In those cells in which two exponential processes could be discerned, a forced single-exponential fit required a rate constant intermediate between the fast and slow segments of recovery.
Comparison of transients at different times in the contraction revealed that the cell was capable of complete tension recovery within 1 s after a sudden change in length. 
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771 FIGURE 7. Tension transients during a contraction in a single smooth muscle cell. (A) Schematic of force production in a smooth muscle cell. At three time points during the contraction, at the onset of force development (O), at peak isometric force (P), and after 15 s of maintained tension (M), small (0.5% L~,), rapid (2.5 ms) step stretches (B and C on a faster time scale) and releases (D and E on a faster time scale) were imposed. To facilitate comparison of the tension transients obtained at O, P, and M, responses were normalized so that the absolute value of the immediate force change in responses to the AL was considered to be 100%. All tension responses attained complete recovery of the initial tension change in response to AL; therefore, the apparent decrease in extent of recovery going from 0 to M is indicative of slower time constants for recovery.
However, the time constants for tension recovery after a release or a stretch were fastest immediately after activation. The mean time constant for tension recovery following a sudden length change was slowed about two times for a release, and almost six times for a stretch at peak isometric force relative to the early stages of force development. Comparison of the mean time constant for tension recovery following both releases and stretches 15 s into force maintenance revealed further slowing of recoveries relative to those seen immediately upon achieving peak isometric force (see Fig. 7 and Table II) . Values are means • SE. Numbers in parentheses are the number of cells. *Three time periods during a contraction were studied: early -2 s after the onset of force development; peakthe time when maximum active force was attained; late -15 s after peak force was attained.
Changes in the characteristics of the tension transients were also evident in fibers where tension recovery could be resolved into two exponential processes. For example, in Fig. 7, D and E, both the fast and slow components of tension recovery following a release were slower during tension maintenance than during the onset of active force. Immediately after activation, the fast and slow recovery processes had time constants of 2.0 and 40 ms, respectively, which slowed to 7.1 and 67 ms after 15 s of maintained tension. In addition, the fast phase of recovery accounted for 64% of the total recovery early in the contraction but for only 50% after 15 s of force maintenance. These differences in the extent and rate of recovery may provide insight into variations in the distribution of cross-bridge states (Eisenberg et al., 1980; Warshaw and Fay, 1983a, b) as well as the kinetics of the cross-bridge cycle (Murphy et al., 1983) during the development and maintenance of force.
DISCUSSION
The generation of muscular force is accompanied by increased fiber stiffness, which, in skeletal muscle, is presumed to reflect the attachment of myosin cross-bridges to actin filaments (Huxley, 1980) . Since both filamentous actin and myosin are found in smooth muscle (Cooke and Fay, 1972; Bond and Somlyo, 1982) , it is assumed that processes similar to those in skeletal muscle are responsible for changes in force and stiffness upon activation in smooth muscle. However, although smooth muscles generate comparable forces per cross-sectional area, they require much longer times to achieve those forces, and in addition maintain those forces with far greater economy of ATP utilization (Paul et al., 1976; Siegman et al., 1980) . The studies described in this article were directed at determining the origin of cell elasticity and characterizing the mechanical events leading to force development and maintenance.
The increased ElF during the early phase of force development reported in this study may well be a characteristic of all muscles, as similar results have been reported for whole smooth muscle (Dillon and Murphy, 1982; Kamm and Stull, 1986 ) and both single skeletal fibers (Cecchi et al., 1982; Ford et al., 1986) and whole skeletal muscle (Bressler and Clinch, 1974) . If we assume that (a) all attached cross-bridges produce an equal amount of average force per cross-bridge, (b) all attached forcegenerating cross-bridges have equal stiffness, and (c) changes in stiffness in a single cell are due entirely to changes in the number of attached cross-bridges, then the enhanced ElF in smooth muscle cells in the period immediately after activation would suggest that one or all of these statements do not apply during the period of force development. Either the assumed relationship between stiffness and force is too simplistic a view in smooth muscle cells, or stiffness may be related in part to structures other than the cross-bridges. We must therefore ask: (a) What structures are being probed mechanically? (b) How are these structures being changed to account for the differences in ElF and tension transients during both force development and maintenance?
Location of Elasticity
By assuming that the generation of force following activation in single smooth muscle cells reflects the recruitment of force-generators and that at the peak of force production their numbers remain constant during a rapid release, it was possible to compare cell stiffness during two different physiological states where, at a given force level, only the numbers of force-generators differ. The experimental design and the model used to analyze the data suggest that the elastic properties of a single smooth muscle cell reside within cross-bridges that are connected in series with an elastic component having an exponential L:F. Since this element must be physically linked to the cross-bridge and transmit force, possible sources of the elasticity are the myosin filament, the actin filament, dense bodies, and membrane-dense plaques. The extent to which any of these structures contribute to the series elasticity remains to be determined.
Because of the presence of a series elastic element, any attempt to equate cell and cross-bridge stiffness would underestimate the true cross-bridge stiffness. The present experimental approach allowed us to estimate the portion of the cell's elastic response that can be attributed to cross-bridges. Our results indicate that crossbridge compliance ranges between 0.73 and 0.91% Lceli. In earlier studies of the mechanics of these single cells, we reported that cross-bridge compliance was 1.5% Lce~t (Warshaw and Fay, 1983a, b) , which assumed that the cell's elastic response originated entirely within the cross-bridge. This apparent twofold overestimate of crossbridge compliance resulted from interpreting the lack of superposition of L:F from releases obtained during force development following activation onto the L:Fat peak isometric force as indicating that the cell's elastic response could not be explained solely by a series elasticity (see Fig. 19 and pp. 186-187 in Warshaw and Fay, 1983b) . As there were only limited data available to assess stiffness during releases of varying magnitudes at peak isometric force, we took the measured stiffness to fully reflect cross-bridge stiffness, since it was not possible to explain the results as reflecting a pure series elasticity. In the present studies, aimed at further probing the origin of the cell's elastic response, we find that a portion of the cell's elasticity must reside in structures outside the cross-bridge. While our resulting estimate of cross-bridge compliance is thus reduced, our present estimate of cross-bridge compliance in smooth muscle suggests that the smooth muscle myosin cross-bridge is still considerably (1.5-1.8 times) more compliant than cross-bridges in fast skeletal muscle (Ford et al., 1977) , as we previously suggested (Warshaw and Fay, 1983b) .
Enhanced ElF
One possibility that could account for the enhanced ElF at the onset of force development is the exponential nature of the cell's L :F. 1 The exponential form is probably i If the cell's exponential elastic response is related to a series elastic component with a length:force characteristic of the form:
The stiffness (S = dF/dl) of this elastic component would be:
Thus, the stiffness-to-force ratio equals:
As force develops upon activation and is normalized to maximum force, F will have values that range between 0 and 1. Substituting these force values into Eq. 3, S/Fapproaches infinity at F = 0, whereas S/F = b at F = 1. Thus, the enhanced S/F observed might be explained by the presence of a series elastic component having an exponential length:force characteristic.
related to the presence of an exponential series elasticity within the cell. However, the extent of the enhancement of ElF owing to the exponential nature of its elastic properties is considerably smaller than that actually observed. For example, one can calculate that at 9 and 24% of F,~, during the onset of force development, the observed exponential elasticity would result in 26 and 8% increases in ElF, respectively, above that observed at Fn~, whereas measurements of ElF revealed 95 and 50% enhancements, respectively. Clearly, then, other factors must also be responsible for the enhancement of ElF during the onset of force development.
The pathway of cross-bridge entry into the force-generating state also could contribute to the increased ElF. The cross-bridge cycle appears to involve transitions among at least three states (Huxley and Simmons, 1971; Eisenberg et al., 1980) : (a) detached from actin, (b) attached but producing little or no force (weak binding), and (c) attached and producing significant force (strong binding). The stiffness associated with the two attached states is purportedly equivalent (Julian and Morgan, 1981) . Thus, active force in a muscle fiber mainly reflects the sum of forces produced by attached cross-bridges in the high-force state, while stiffness reflects the contributions from both the low-and high-force cross-bridge populations. Thus, changes in
ElF may reflect changes in the ratio of attached low-and high-force-producing cross-bridges. Our data, indicating a higher ElF during initial stages of force development, suggest that, during this period, the ratio of the low-to high-force-producing cross-bridges may be elevated relative to the population distribution that exists later, after activation. This hypothesis is further supported by comparison of the tension transients obtained during the development of force (see Fig. 7 ). Data from both single smooth muscle cells 0Narshaw and Fay, 1983a, b) and single skeletal muscle fibers (Julian and Morgan, 1981; Cecchi et al., 1982) suggest that the fast tension recovery phase following a release reflects the transition of attached cross-bridges from the low-to high-force states; the extent of this recovery is in large part a measure of the relative proportion of cross-bridges in the low-and high-force states (Eisenberg et al., 1980; Warshaw and Fay, 1983b) . In single smooth muscle cells, the extent of tension recovery owing to this rapid process was always greatest at the onset of force development. Because of the small number of cells (n = 2), where both fast and slow phases could be clearly discerned throughout the development and maintenance of force, a quantitative assessment of the decrease in the extent of fast recovery is not possible. The changes in both ElF and the relative extent of the fast phase of tension recovery suggest, however, that shifts in the relative proportion of low-and high-force attached cross-bridges may have taken place during activation.
Why should such shifts in the population of attached cross-bridges take place during the period of force development? There are two likely hypotheses. (a) During the onset of force development, activated cross-bridges first enter the cross-bridge cycle, principally by going from the detached to the attached low-force-producing state, and then, after some time determined by the finite rate constants for transitions in the cycle, the cross-bridges achieve their steady state distribution. Or (b) during the process of activation, rate constants for transitions in the cross-bridge cycle are modulated and thus the population distribution of cross-bridges varies. We cannot say to what extent these two factors are responsible for the apparent shifts in the ratio of attached low-to high-force-producing cross-bridges in single smooth muscle cells.
Temporal Modulation of Smooth Muscle Cell Mechanics
As the fast and slow phases of tension recovery are believed to reflect different steps in the cross-bridge cycle, the present results, indicating slowing of all phases of the tension transient, suggest that several steps in the cycle are slowing as force develops and is maintained. These results cannot be explained by any changes in the series elastic component since changes in tension recovery kinetics take place even in the absence of any stiffness changes during the period of force maintenance (Fig. 6) .
When modulation of cross-bridge kinetics is considered, one usually refers to a homogeneous population of cross-bridges being modulated, which may occur in these single cells. However, if only a fraction of the cross-bridges were affected, then overall slowing of the cycle could be obtained. For instance, if a subpopulation of cross-bridges became rigor-like, more commonly known as latch-bridges (Siegman et al., 1976; Murphy et al., 1983) , then the effect of this population would be to impose an internal load on the remaining normally cycling cross-bridges. However, Butler et al. (1986) do not find evidence for such an internal load from energetic measurements on rabbit taenia coli. It is thus noteworthy that the slowing of recovery during tension transients in single smooth muscle cells is similar to results during rigor induction in both smooth and skeletal muscles (Mulvany, 1975; Siegman et al., 1976; Guth and Junge, 1982) .
In summary, then, the present results indicate that cell elasticity resides within cross-bridges connected in series with an elastic component. In addition, the progression from the resting state to maintained tension maintenance in smooth muscle involves not only attachment of cross-bridges but also at least one additional process characterized by the redistribution of attached cross-bridge states and slowing of all aspects of the cross-bridge cycle. This slowing of the cycle during periods of force maintenance agrees with studies revealing decreased energy utilization (Siegman et al., 1980) and slower velocity of shortening (Dillon et al., 1981) during force maintenance. The cause of these changes in the cycle kinetics in smooth muscle remains an intriguing puzzle whose solution awaits further investigation.
APPENDIX I
Characterization of the Cell Elasticity
An experimental protocol was designed (see Methods) that will test for the origin of the cell's elasticity (see Figs. 2 and 3 ). Since the stiffness vs. force relationship suggests that the cell's elastic response originates from cross-bridges in series with an elastic component having an exponential length:force relationship, the following analysis was used to characterize both the cross-bridge contribution to cell stiffness and the length:force relationship of the series elastic component.
Assumptions
(a) The cell's nonlinear length:force relationship (see Fig. 1 ) reflects the length:force relationships of both series elastic and cross-bridge elements.
(b) A series elastic component (SEC) exists that has an exponential length:force relationship (see Fig. 1 ) normalized to cell length (L~) and peak isometric force (F~):
where A and b are constants, and the length change of the series elastic component, dLszc, is:
with Lszc (initial) equal to Lszc at F~. (c) The cross-bridge population (XB) has a normalized linear length:force relationship (see Fig. 1 ) normalized to Lceu and F,~:
where, upon activation, F/F,~ is force normalized to F~ during force development. In addition, F/F,~, reflects the numbers of attached cross-bridges. The k is the cross-bridge stiffness constant. The cross-bridge length change dLxa equals LxB(final) --Lxs(initial), where Lxs(initial) is the cross-bridge length at F~. (d) The quick release in cell length is sufficiently rapid to prevent significant detachment or attachment of cross-bridges during the release itself.
Analytical Framework
Since cell stiffness (Sce~,) is related to both series elastic (SsEc) and cross-bridge (Sxa) stiffnesses, SsEc and SxB normalized to cell stiffness (Sm~) at F~ are defined as dF/dL. Therefore:
(derived from Eq. 1); (4)
Since the series elastic component and cross-bridges are connected in series, their reciprocal stiffnesses add. Therefore, reciprocal cell stiffness normalized to S~ is: 
Rearranging Eq. 7 to solve for SsEc: SsEc = (Sc~.Sr~)/(S,~ -Sc~). 
The series arrangement of the series elastic and cross-bridge elements results in FsEc, Fxn, and cell force (Fern) being equal: 
For the case where stiffness is obtained at different force levels during activation (see Methods and Fig. 2) , the cross-bridge number is increasing (i.e., F/F~, is increasing). Therefore, Eq. 11 applies. However, at peak isometric force, where the maximum number of cross-bridges are attached (i.e., F/Fm~ = 1), when a quick release (0.5-5.0% L,ett) is applied, Eq. 11 becomes:
b [(F'~,t/Fm~,) 
where F ~u and S "u are cell force and stiffness within 4 ms after completion of the quick release (see Fig. 2 ). If one compares Eqs. 11 and 12 at equivalent force levels during activation and following a quick release (i.e., F,,u = F'c~), then the left-hand sides of Eqs. 11 and 12 are equal. Setting the right-hand sides of Eqs. 11 and 12 equal to each other and rearranging results in the following relationship:
k = (Sc~,,/Sm~)/[l -(Scdt/S'c~)]/{(F/F~.~)/[l -(F/F=~)]}.
Since all terms on the right-hand side of Eq. 13 are measurable, the cross-bridge stiffness constant (k) can be determined from the slope of the assumed linear relationship between Once the value for the cross-bridge stiffness relative to the cell stiffness is obtained from k, one can plot the derived cross-bridge length:force relationship and the experimentally obtained cell length:force relationship on the same graph (see Fig. 1 ). By subtracting the cross-bridge length:force relationship from the cell length:force relationship, the resultant nonlinear length:force relationship will be that of the series elastic component (see Fig. 1 ).
APPENDIX II
The Fourier series describes a given waveform, X(t), in terms of a series of sine and cosine waves whose frequencies are an integral multiple (k = 1, 2 .... n) of a fundamental frequency (f0):
X(t) = ao/2 + F,[ak cos (k2tfot) + bk sin (k2~rf0t)].
Since the sinusoidal length changes were specified and generated by computer, we could assign the fundamental frequency for both length and force changes precisely. This was evident in that coefficients (aa, b~) of the first five harmonics were <5% of the fundamental coefficients (al, bl) . Using the Fourier series analysis, the amplitude of both length and force changes 
